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Abstract: Microorganisms show attractant and repellent responses to survive in the various 
environments in which they live. Those phototaxic (to light) and chemotaxic (to chemicals) 
responses are regulated by membrane-embedded receptors and transducers. This article 
reviews the following: (1) the signal relay mechanisms by two photoreceptors, Sensory 
Rhodopsin I (SRI) and Sensory Rhodopsin II (SRII) and their transducers (HtrI and HtrII) 
responsible for phototaxis in microorganisms; and (2) the signal relay mechanism of a 
chemoreceptor/transducer protein, Tar, responsible for chemotaxis in E. coli. Based on results 
mainly obtained by our group together with other findings, the possible molecular 
mechanisms for phototaxis and chemotaxis are discussed. 
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1. Introduction 
Microorganisms are subjected to a variety of environmental stimuli to which they respond and 
adapt. They can show avoidance or attractive behaviors away from or toward stimuli to survive in the 
various environments in which they live. Light and chemicals are two of the most important signals 
providing critical information to biological systems, and taxis towards light and chemicals, including 
some amino acids, are known as phototaxis and chemotaxis, respectively [1,2]. The molecular 
mechanisms of phototaxis and chemotaxis have been well studied over the past 20 years using various 
methods [1,3]. Stimulus-induced changes in the motility of cells are well-characterized in bacteria. For 
chemoreception, motile bacteria sense and respond to extracellular gradients of chemicals by changing 
their swimming mode to migrate toward more favorable habitats. This behavior, termed chemotaxis, 
has been extensively studied in two bacterial species, Escherichia coli and Salmonella enterica (for 
reviews [1,4-14]). Those bacteria have only two swimming modes, run (smooth swimming) and 
tumble, which result from distinct types of flagellar rotation, counter-clockwise (CCW) or clockwise 
(CW), respectively. The average durations of run and tumble are about 1 and 0.1 s, respectively. 
Therefore, the behavior of these bacteria in the absence of a stimulus can be regarded as a   
three-dimensional random walk. In the presence of a chemical gradient, bacteria modulate their 
tumbling frequency to seek better habitats. 
The light and chemical stimuli are received by membrane-embedded receptors, Sensory rhodopsin 
(SR) and Tar, respectively (Figure 1) [15]. Sensory rhodopsin I (SRI) and sensory rhodopsin II (SRII, 
also known as phoborhodopsin, pR) have 7-transmembrane -helices with an all-trans retinal 
chromophore (vitamin A-aldehyde). They form 2:2 complexes with their cognate transducer proteins, 
halobacterial transducer protein for SRI (HtrI) and halobacterial transducer protein for SRII (HtrII) 
[16,17]. Tar is a two-transmembrane helical protein having a large extracellular ligand-binding 
domain. Tar, HtrI and HtrII belong to a family of two-transmembrane helical proteins, and Tar and 
HtrI/HtrII are termed methyl-accepting chemotaxis protein (MCP) and MCP Like Protein (MLP), 
respectively [1]. The TM2 domains of MCP and MLP are connected to a cytoplasmic helix-turn-helix 
motif (HAMP domain) [18], followed by a signaling domain which forms a four-helix coiled-coil 
bundle [19]. MCP and MLP exist as homodimers composed of ~50–60 kDa subunits [20] and form a 
signaling complex with a kinase protein, CheA, and an adaptor protein, CheW [21,22]. For the chemo-
reception in bacteria, MCP acts not only as a transducer but also as a signal receptor [1], while a direct 
interaction is required between receptors and cognate transducers for photo-reception in archaea and 
bacteria [2,3,17]. The signals are transmitted from MCP and MLP to the flagellar motor via a His-Asp 
phospho-relay [23] from the histidine kinase CheA to the response regulators CheY and CheB. Stimuli-
free MCP and MLP activate CheA which phosphorylates its own His residue and then transfers the 
phosphoryl group to an Asp residue of CheY or an Asp residue of CheB [24-26]. Phosphorylated 
CheY binds to FliM, a component of the C ring of the flagellar motor, and induces CW rotation of the 
motor [27,28]. CheZ is a phosphatase which facilitates the dephosphorylation of CheY. The activity of 
the methylesterase CheB is regulated via its phosphorylation by CheA [29,30], whereas the 
methyltransferase CheR does not undergo covalent modification. Methylation of MCP reactivates 
CheA to cancel the attractant response [31].  Sensors 2010, 10                                       
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Light absorption of SRI and SRII triggers trans-cis photoisomerization of retinal chromophores, 
leading to cyclic chemical reactions consisting of several sequential intermediate states (K, L, M and O) [32]. 
The photochemical reaction is referred to as the photocycle. During the photocycle, light signals are 
transmitted from the SRI-HtrI and SRII-HtrII complexes to the two-component signal transduction 
cascade consisting of kinases (CheA and CheY), which regulates the rotational direction of the 
flagellar motor, resulting in positive or negative phototaxis [33,34], while in the case of   
chemo-reception, the ligand (aspartate) directly binds to extracellular domain of Tar and the   
binding-signals are transmitted to CheA and CheY, resulting in positive chemotaxis (Figure 1) [1]. It 
has been reported that HtrII from Halobacterium salinarum acts not only as a photo-transducer, but 
also as a serine chemoreceptor [35]. Thus the light and chemical stimuli are thought to be transmitted 
to the same phosphorylation cascades in the cytoplasm, and eventually, a phosphorylated response 
regulator, CheY-P, binds to the C-ring of the flagellar motors which control the direction of the 
rotation [27]. Flagellar motors are molecular machines powered by the electrochemical potential 
gradient of specific ions across the membrane, and are classified by the respective coupling ion   
[36-38]. For some bacteria, such as Escherichia coli and Salmonella enterica, the flagellar motor is 
driven by the H
+ motive force [36], while alkalophilic Bacillus and marine Vibrio species are driven by 
the Na
+ motive force [37]. In this review, based on results obtained mainly from our groups together 
with other findings, we present and discuss recent progress in the fields of phototaxis and chemotaxis. 
Figure 1. Light and chemical signal transfer cascades in microorganisms. Light 
stimulation activates sensory rhodopsins (SRs) and triggers trans-cis isomerization of the 
retinal chromophore. Relaxation of the retinal leads to functional processes during the 
photocycle. SRs transmit light signals to their cognate transducer proteins (Htrs) in the 
membrane. Htrs form a complex with CheA and CheW, and the complex activates 
phosphorylation cascades that modulate the autokinase protein, CheY and controls the 
direction of rotation of the flagellar motor. On the other hand, the cognate chemicals 
(attractant and repellent) bind to the extracellular domain of the chemoreceptors (MCP) 
and the binding induces the structural changes of MCP. The signal transfer pathway of 
MCP is thought to be similar to that of the phototaxis. 
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2. The Signal Transfer Mechanism of the SRII-HtrII Complex 
 
In archaeal and bacterial membranes, SRII can be activated by blue light (~500 nm) and positively 
regulates the phosphorylation of CheA proteins during the photocycle, which induces the rotation 
change of the flagellar motor through the phosphorylated CheY (CheY-P), resulting in negative 
phototaxis from harmful near-UV light (Figure 1) [2,33]. The signal relay mechanisms of SRII have 
been well characterized using various methods because SRII from an archaeon Natronomonas 
pharaonis (NpSRII) can be expressed in E. coli as a recombinant protein with quite high stability [39]. 
The expression system and high stability allowed us to use biophysical and biochemical approaches in 
vitro. In fact, the X-ray crystal structures of NpSRII and the complex with truncated NpHtrII in the 
inactive states were solved as well as those of the photo-intermediates, K and M [17,40]. As shown in 
Figure 2, the essential photocycle of SRII is: SRII (498)  SRIIK (540)  SRIIL (488)  SRIIM (390)  
SRIIO (560)  SRII [41]. The numbers denote wavelengths (in nm) of the maximum absorption, max. 
An explanation of intermediates, such as SRIIK, SRIIL, SRIIM and SRIIO, will be given below. On the 
other hand, the essential photocycle of SRI is: SRI (587)  SRIK (620)  SRIL (540)   
SRIM (373)  SRI [2,33]. Here the P520 intermediate is produced by a second photon absorption by 
the near-UV light. During the photocycle, the M- and P-intermediates are thought to be essential for 
the positive and negative phototaxis, respectively (Figure 2) [15,42,43]. 
Figure 2. Photochemical reaction cycles of SRII (A) and SRI (B). SRII absorbs blue light 
and forms K (K540), L (L488), M (M390), and O (O560) intermediates [53]. The M and O 
intermediates are thought to be active states. SRI absorbs orange light and forms K (K620), 
L (L540) and the long-lived M intermediates (M373), which forms the P intermediate (P520) 
upon the second photon absorption in the near-UV region [54]. 
 
 
We have reported that in the ground (inactive) state of the NpSRII-NpHtrII complex, the max of 
the complex is essentially the same as that of transducer-free SRII [44], which suggests that large 
structural changes of SRII do not occur due to the interaction with HtrII. Comparison of X-ray 
structures between SRII alone and the SRII/HtrII complex reveals no essential changes of SRII due to the 
association [17,45,46]. Nevertheless we detected structural changes of SRII due to the binding to HtrII [47]. Sensors 2010, 10                                       
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We observed a change in the C-terminal helix detected by solid-state NMR spectroscopy [48], an 
increase in thermal stability [49] and a pKa change of Asp193 from 6.4 to 5.6 [50]. The complex 
formation also perturbs the helical structure and hydrogen bond of a side chain in SRII [47]. These 
results suggest that the structure of SRII is affected by the association with HtrII although these are too 
small to be detected by X-ray diffraction. From solid-state NMR studies, we reported data representing 
the structural change of HtrII [51,52], and therefore we conclude that the association affects the 
conformation of both SRII and HtrII. These conformational changes, however, have only a small effect 
on the photochemistry [55-57]. It should be noted that truncated HtrII (from position at 1st to 114th or 
at 1st to 159th) was used in these studies because full-length HtrII was not expressed in E. coli. 
Which helix or residues of SRII and HtrII participate in the binding? Wegener et al. reported that 
the binding surface of SRII consists of helices F and G [58,59]. The crystal structure of the SRII/HtrII 
complex suggests the formation of two specific hydrogen bonds between Tyr199
SRII and Asn74
HtrII and 
between Thr189
SRII and Glu43
HtrII/Ser62
HtrII (Figure 3) [17]. To investigate the importance of those 
hydrogen bonds, Kd values for the binding of various mutants of Bacteriorhodopsin (BR), 
Halorhodopsin (HR), SRI and SRII with HtrII were estimated by isothermal titration calorimetry   
(ITC) [60,61]. BR and HR are microbial rhodopsins that work as a light-driven outward proton pump 
and a light-driven inward Cl
- pump without the transducer protein, respectively [62,63]. The Kd value 
of T189V
SRII/Y199F
SRII, the double mutant/HtrII complex, was about 100-fold larger than that of   
wild-type SRII, whose Kd value was 0.16 mM [60,61]. On the other hand, BR and HR double mutants, 
P200T
BR/V210Y
BR and P240T
HR/F250Y
HR, were able to bind with HtrII, while the wild-type BR and 
HR did not [61]. Pro200
BR/Pro240
HR and Val210
BR /Phe250
HR correspond to Thr189
SRII and Tyr199
SRII, 
respectively. Thus we conclude that those two specific hydrogen bonds play important roles in the 
binding between SRII and HtrII. In addition, an interaction of the HtrII membrane-proximal domain 
with the cytoplasmic domain of SRII has been demonstrated by FRET measurements [64,65], by EPR 
of spin-labels [58,59,66], and by in vitro binding of HtrII peptides to SRII [44,67,68]. From these 
experiments, the stoichiometry of the SRII-HtrII complex is estimated as 1:1, which is in accord with 
the 2:2 stoichiometry resolved by X-ray structure [17]. 
The properties of early photo-intermediates of the transducer-free SRII photocycle were studied by 
low-temperature spectroscopy and by flash photolysis at room temperature. Irradiation of SRII   
below –100 ºC produced an intermediate corresponding to the K-intermediate of BR and this 
intermediate is denoted SRIIK [69,70]. We performed comparative studies of transducer-free SRII and 
BR by means of low-temperature FTIR spectroscopy and obtained invaluable information about SRII 
alone and the SRII/HtrII complex [47,56,57,70-79]. One of the most interesting and important 
questions is how SRII transmits the light signal to HtrII, and a clue about that was obtained from the 
FTIR data. We trapped SRIIK at 77 K and compared the SRIIK minus SRII spectra in the presence or 
absence of HtrII [47,78]. This difference spectrum showed clear differences for amide-I and amide-A 
vibrations, indicating that the complex formation affects the structure of the peptide backbone. In 
addition, we found that the difference spectra measured in the presence of D2O possessed positive and 
negative vibrational bands of SRII at 3,479(–)/3,369(+) cm
-1 that were observed only in the presence 
of HtrII [47]. Of interest, those positive and negative bands disappeared in the T204A mutant while they 
shifted in the T204S mutant [78]. From these results, we conclude that the bands of 3,479(–)/3,369(+) cm
–1 
originate from the O-H stretch of Thr204 [78]. This indicates that a stronger hydrogen bonding Sensors 2010, 10                                       
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alteration of Thr204 takes place upon the retinal photo-isomerization (Figures 3 and 4). The structural 
changes are important for the HtrII activation by SRII at the following intermediates. In fact, we 
reported that mutations of Thr204 and its hydrogen-bonding residue Tyr174 disrupted the negative 
phototaxis function [81]. Moreover, a single replacement of the corresponding residue can occur in the 
absence of HtrII. In addition, using deuterated retinal analogs, we demonstrated that a regiospecific 
steric hindrance between retinal and Thr204 occurs upon formation of the K-intermediate (Figure 4) [75,80]. 
Although SRIIK is considered not to be an active state (signaling state), this BR (A215T) confers weak 
phototaxis signaling activity [82] and structural changes upon formation of the K intermediate of the 
A215T mutant are quite similar to the structural changes of SRII [83]. The signaling was greatly 
enhanced by two additional substitutions, P200T and V210Y, expected to align BR and HtrII in a 
similar juxtaposition as SRII and HtrII [82], indicating that the BR triple mutant (BR-T) transmits light 
signals to the motility apparatus through the HtrII protein. In SRII, the three residues form a chain of 
hydrogen bonds from retinal’s photoisomerized C13 = C14 double bond to residues in the   
membrane-embedded α-helices of HtrII (Figure 4). These results suggest a chemical mechanism for 
the signaling that entails an initial storage of the energy of photoisomerization in SRII’s hydrogen 
bond between Tyr174, which is in contact with retinal, and Thr204, which borders residues on the SRII 
surface in contact with HtrII, followed by transfer of this chemical energy to drive structural transitions 
in the transducer helices. The results also demonstrate that evolution accomplished an elegant but 
simple conversion: The essential differences between transport and signaling proteins in the rhodopsin 
family are far less than previously imagined. It is noted that Thr204 is an important residue for color 
tuning and the photocycle kinetics of SRII [84-86], and these observations provide an additional 
important role of Thr204 in SRII for the negative phototaxis function of the complex [80-83]. 
Figure 3. X-ray crystal structure of the SRII/HtrII complex (PDB code 1H2S) [17]. The 
structure of the ground state of SRII in the complex is very similar to that in the crystal 
structure of SRII alone. This structure reveals the formation of two specific hydrogen 
bonds between Tyr199
SRII and Asn74
HtrII and between Thr189
SRII and Glu43
HtrII/Ser62
HtrII. 
The membrane normally is roughly in the vertical plane of this image, and the top and 
bottom regions correspond to the extracellular and cytoplasmic sides, respectively. 
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Figure 4. (A) Detail of the SRII-HtrII X-ray structure, which focuses on the midmembrane 
SRII-HtrII interface containing the core signal relay structure. SRII and HtrII are colored 
orange and blue, respectively. The numbers in the smaller font are the length between the 
respective amino acid residues. Using FTIR spectroscopy and photochemical techniques, 
we and another group reported that Thr199
SRII forms a hydrogen bond with Asn74
HtrII [56,79]. 
A functionally important residue, Thr204
SRII, forms a hydrogen bond with Tyr174
SRII. 
Tyr174
SRII is also essential for the phototaxis function [81]. (B) The structural change of 
the retinal chromophore upon formation of the K intermediate of SRII. All seven 
monodeuterated all-trans retinal analogues were synthesized, and the FTIR spectra were 
measured at 77 K. The enhanced C14-D stretch in the K intermediate was assigned as the 
band originating from the local steric constraint between C14-D and Thr204
SRII [75,80]. We 
reported that the band intensity correlated well with the phototaxis signaling efficiency, 
indicating its functional importance [80].  
 
 
Although it has been concluded that the M-intermediate is one of the active (signaling) states from 
the results of SRII of H. salinarum (HsSRII) [87], this is also considered valid for NpSRII. Upon 
formation of the M-intermediate of SRII (SRIIM), the primary proton transfer occurs from the Schiff 
base to the proton acceptor [72], Asp75, that is a counterion of the protonated Schiff base (PSB) [88]. 
Using an SnO2 electrode as a pH-sensitive electrode [53], we and Schmies et al. demonstrated 
independently that HtrII-free SRII transports a proton on illumination while the photo-induced   
proton-pumping activity is lost when SRII binds HtrII [89,90]. We have interpreted those results as 
follows: at SRIIM, the cytoplasmic channel (CP) of SRII may be closed by the association with HtrII, 
and then the proton-pumping is lost. This idea was originally proposed by Spudich, who observed a 
blockage of the proton flux through the CP when SRI bound its transducer, HtrI [91,92]. Azide and 
hydroxylamine can react with HtrII-free SRIIM, and the results show that: (1) azide accelerates greatly 
and selectively the decay of SRIIM that is the reprotonation process of the Schiff base [93],   
and (2) hydroxylamine attacks the Schiff base mainly at SRIIM to bleach the pigment [94]. The Sensors 2010, 10                                       
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reactivity of these water-soluble reagents is a good indicator for the environmental change around the 
Schiff base. We showed a decrease in the reactivity of these two reagents against the SRII/HtrII 
complex in comparison with SRII alone [44], which may support the concept of the cytoplasmic 
closure described above. It is known that at the M- or N-state, photo-dependent structural changes of 
BR occur at the cytoplasmic ends of helices F and G [95-100]. These movements open a narrow  
water-accessible channel in the protein, enabling the transfer of a proton from the proton-donating Asp 
residue to the Schiff base. Similar helix movements of SRII, an outward tilting of helix F, during the 
photocycle are also suggested by EPR spectroscopy [58] and chemical modification [101]. The   
photo-induced outward tilting may be hampered by HtrII, which may be critical to the signal 
transduction. In our study, we measured the temperature dependence of the SRIIM minus SRII FTIR 
spectra in the absence or presence of truncated HtrII at 250–293 K [57]. Significant temperature 
dependence was observed for the amide-I vibrations of helices only for the SRII/HtrII complex, where 
the amplitude of the amide-I vibrations was reduced at room temperature. 
13C-Labeling of SRII or 
HtrII revealed that such spectral changes of helices originate from SRII and not from HtrII. On the 
other hand, temperature-dependent structural changes of helices were diminished for the complex of 
SRII with the G83C and G83F mutants of HtrII. Gly83 is believed to connect the transmembrane helix 
and the cytosolic linker region in a flexible kink near the membrane surface of HtrII, and its 
replacement by Cys or Phe abolishes the photosensory function [101]. That study provides direct 
experimental evidence that Gly83 plays an important structural role in the activation process of the 
SRII/HtrII complex. 
The M-decay rate decreases about 50% when SRII associates with HtrII [55,57]. Hence, the   
M-decay rates are composed of two components for the mixture of SRII and HtrII that contained free 
SRII and SRII/HtrII. From analysis of data obtained from mixtures of varying ratios of SRII and HtrII, 
we were able to estimate a Kd of 15 µM and a stoichiometry of 1:1 [55]. The Kd value of 15 µM is 
almost 100-fold larger than the dissociation constant in the dark, 0.16 µM [60,67,102], indicating that 
the association between SRII and HtrII is 100-fold weakened upon the formation of SRIIM compared 
with the ground state. Recently, the weak binding (Kd = 5 µM) was also confirmed using the highly 
stable M-like state [103]. This change in Kd value may come from the outward tilting of helix F during 
photocycling. We speculate that the weak binding is caused by the dissociation of the HAMP domain 
of HtrII from SRII [67]. 
The nature of SRIIO has not been well understood compared with SRIIK and SRIIM, although some 
characterization experiments have been done. Recently we found characteristic bands   
at 1,673 (+)/1,656 (–) cm
-1 in the O-decay accelerated mutants using FTIR spectroscopy [77]. The 
absorbance of the bands correlated well with the O-decay half-time, which suggests that the helical 
distortion is important for the acceleration in O-decay. In addition, we demonstrated that characteristic 
changes in the S-H stretching vibration of the introduced Cys residue was observed in SETC (a SRII 
quadruple mutant, P182S/P183E/V194T/T204C, showing fast O-decay [84]), which suggests that the 
structural perturbation near the Schiff base was caused by an acceleration in the O-decay on the 
extracellular surface. Thus, FTIR analysis of the O-accelerated mutants provided information about the 
mechanism of the slow O-decay in SRII. The effects on phototaxis and proton pumping are important 
questions that should be examined because SRIIO is one of the active intermediates for signal 
transduction [87] and is one of the important intermediates for ion-pumping [53]. Sensors 2010, 10                                       
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Using EPR, Wegener et al. reported interesting results showing that, in the M-state of SRII, helix F 
moves outwardly, which causes the rotation of the second transmembrane helix (TM2) of HtrII [58,59]. 
Those conformational changes may be important for the signal transduction as proposed by Spudich [91]. 
However, some uncertainties or contradictory points remain. It was reported that the outward tilting of 
the helices is not affected by the presence of HtrII [59]. It is quite reasonable that the tilting may be 
hampered by the transducer as was shown by the “cytoplasmic closure” and the reactivities of azide 
and hydroxylamine. They also described that the tilting continues until the SRIIO decay. However, the 
helix tilting of SRII and the rotation of HtrII were not observed in the crystal structures of the active  
M-intermediate of the SRII-HtrII complexes [17,40]. 
On the basis of these results, we propose a model for the signal transduction by the SRII-HtrII 
system (Figure 5) as follows; (i) trans-cis photoisomerization of the retinal chromophore, (ii) steric 
hindrance between C14-H of retinal and Thr204, (iii) hydrogen bonding alteration between Thr204 and 
Tyr174, (iv) F-helix outward tilting of SRII, (v) TM-2 rotation of HtrII, (vi) dissociation of the HAMP 
domain of HtrII from SRII, vii) structural changes of the Highly Conserved domain (HCD), and (viii) 
activation (phosphorylation) of CheA. Further structural and spectroscopic analysis of the ground state 
and the photoreaction intermediates will provide a better understanding of the mechanism for signal 
transduction by SRII-HtrII. Especially, interactions of CheA and CheW with the SRII-HtrII complex 
and the signal relay mechanism of the SRII-HtrII-CheW-CheA supra complex will be our next focus. 
Figure 5. Model for signal transduction mechanism of SRII-HtrII complex.  
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3. Towards Understanding the Signal Transfer Mechanism of the SRI-HtrI Complex 
 
The first clue for identifying the receptor responsible for phototaxis was obtained using BR-lacking 
mutants of H. salinarum. In 1977, the first description of HR was reported by Matsuno-Yagi and 
Mukohata [104]. However, using a BR
- mutant that at that time (in 1983) was believed to express only 
HR, Tsuda et al. found two independent fast and slow photocycles [105]. Bogomolni and Spudich 
proposed that the pigment having the slow photocycle is the receptor for phototaxis of this bacterium, 
and proved their hypothesis by isolating a mutant lacking both BR and HR which showed almost the 
same level of phototaxis as the wild-type [106]. They named this retinal pigment protein sensory 
rhodopsin I (SRI). Of interest, the ground state of SRI functions as a sensor of positive phototaxis 
whose action maximum is located at ca. 580 nm while the long-living photo-intermediate absorbing 
maximally at 373 nm forms the P520 intermediate upon a second photon absorption by the near-UV 
light [15]. Thus the original state of SRI and its long-lived photointermediate (the M-intermediate) are 
important for positive and negative phototaxis, respectively. Light > 520 nm can activate the ion 
pumping rhodopsins, BR and HR, to generate light-energy and cells avoid light of shorter wavelengths 
which contain harmful near-UV [2,33]. SRI from H. salinarum (HsSRI) forms a 2:2 signaling complex 
with its cognate halobacterial transducer protein (Htr), HsHtrI, in membranes as well as the SRII-HtrII 
complex [17], and the complex transmits light signals through changes in protein-protein interactions. 
The excitation light absorbed by HsSRI triggers a trans-cis isomerization of the retinal chromophore 
that is covalently bound to a conserved lysine residue (Lys205) via a PSB linkage [2]. This 
photoexcitation results in the sequential appearance of various photointermediates followed by a return 
to the unphotolyzed form of the protein. At its distal end, the SRI-HtrI complex negatively/positively 
regulates the phosphorylation of CheA during the photocycle, which induces the rotation change of the 
flagellar motor through the phosphorylated CheY (CheY-P), resulting in positive/negative phototaxis 
from harmful near-UV light (Figure 1) [2,33]. Thus, SRI has received considerable attention because 
of its function in mediating opposing signals (On/Off switching of CheA) depending on different 
colors of light by the photochromic reaction. Compared with SRII, little is known about the molecular 
mechanism(s) of interactions between SRI and HtrI, about structural changes or about the signal relay 
mechanism of the phototaxis. One reason is that HsSRI is unstable under various conditions [107], and 
its inherent instability hampers the elucidation of its molecular mechanism. In fact, although the X-ray 
crystal structures of BR [108,109], HR [110], SRII [45,46] and the SRII/HtrII complex [17] have been 
solved over the past 10 years, however almost no structural information at the atomic level has been 
gained for SRI. In an effort to improve that situation, we cloned and characterized a novel SRI protein 
from a eubacterium Salinibacter ruber ( SrSRI), which is the first eubacterial SRI identified as a 
functional protein [107,111]. SrSRI has all-trans retinal as a chromophore, has an absorption 
maximum at a longer wavelength (557 nm) than does SRII (500 nm), and has a slower photocycle than 
the light-driven ion pumping rhodopsins (BR, HR and Proteorhodopsin [112]), indicating similarities 
to the prototypic SRI (HsSRI). SrSRI could be expressed in E. coli and shows very high stability, even 
in detergent micelles, making it possible to prepare large amounts of protein. This also allows 
preparation of mutant SrSRI, which will allow new approaches to investigate the photo-signaling 
process in the SRI-HtrI system. Sensors 2010, 10                                       
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Utilizing that high stability, we applied FTIR spectroscopy to SrSRI and compared the spectral 
changes upon formation of the K and M intermediates with those of other archaeal rhodopsins (HsSRI, 
SRII, BR and HR) (Figure 6) [113]. In the K intermediates, a spectral comparison of the hydrogen  
out-of-plane (HOOP) vibrations of the retinal chromophore show that the extended chromophore 
distortion takes place in SrSRI and HsSRI as well as in SRII and BR-T, whereas the distortion is 
localized in the Schiff base region in BR and HR (left panel in Figure 6) [113]. It appears that the 
sensor and pump functions are distinguishable from the spectral feature of the HOOP modes. The  
C14-HOOP band at 864 cm
-1 for NpSRII (Figure 6) which is important for negative phototaxis in  
SRII [75,79] is absent in SrSRI, suggesting that the changes of C14-H HOOP are a specific feature 
among sensors for negative phototaxis. This is reasonable because the counterpart of the C14 atom, 
Thr204 of SRII, is not conserved in other rhodopsins, including SRIs [107]. In the M intermediate, the 
frequency shifts of amide-I and amide-A vibrations which probe structural changes in the α-helix were 
opposite between SRI and SRII, where a downshift and an upshift were observed, respectively (right 
panel in Figure 6). This indicates that the M formation accompanies a weakened hydrogen bond of the 
-helix in SRI, but a strengthened hydrogen bond of the α-helix in SRII. In other words, activation of 
SRI or SRII may involve breakage or formation of the helical structure. The different modes in protein 
structural changes between SRI and SRII may be correlated with their functional differences. 
Surprisingly, SrSRI is highly stable even in the absence of NaCl, unlike HsSRI [107]. Halobacteria 
and Salinibacter ruber live in highly halophilic environments, suggesting the possibility of effect(s) of 
salts on the function of SRI. Utilizing the high stability of SrSRI in the absence of NaCl, we examined 
the effects of Cl
- on its photochemical properties. Kitade et al. reported the Cl
--induced difference 
attenuated total reflection (ATR) FTIR spectroscopy in the aqueous phase using SRII and they 
concluded that the binding of Cl
- to SRII accompanies protonation of a carboxylic acid [114]. The 
amino acid was identified as Asp193 because the corresponding band shows a downshift in the D193E 
mutant protein [114]. However, such effect(s) remain unclear because HsSRI is unstable in dilute salt 
solutions. We later reported that the absorption maximum of SrSRI is shifted from 542 nm to 556 nm 
in a Cl
--dependent manner with a Kd of ~300 mM [115]. The bathochromic spectral shift was caused 
not only by NaCl, but also by other salts (NaI, NaBr and NaNO3), implying that the anion (I
-, Br
- and 
NO3
-) binding site(s) exist in SrSRI [115]. In addition, the photocycling rate was also affected by 
chloride ion binding. It is well-known that the ion pumping rhodopsins have been optimized to have 
relatively fast photocycling rates (measured in milliseconds), making them efficient pumps, whereas 
the sensory receptors, including SRI and SRII, have slow photocycles (measured in seconds), which 
allows the transient accumulation of long-lived signaling states to catalyze a sustained phosphorylation 
cascade, including CheA and CheY. To identify the residue(s) involved in the chloride binding, we 
constructed various mutants of SrSRI and suggested that a conserved residue, His131, is involved in 
the Cl
- binding site [115]. We assumed that a positive charge located on the Schiff base nitrogen 
moves to the -ionone ring of the retinal chromophore by chloride ion binding to His131 (Figure 7). 
The changes of charge distribution result in the following: (i), (ii) and/or (iii) [116-119]: (i) the 
strength of the electrostatic interaction between the PSB and its counterion or hydrogen bond acceptor; 
(ii) an alteration in the polarity or polarizability of the chromophore-binding site environment caused 
by the arrangement of polar or aromatic residues; and (iii) an isomerization around the 6-S bond which 
connects the polyene chain to the b-ionone ring. Although the high resolution structure of SRI has not Sensors 2010, 10                                       
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yet been solved, it is predicted that the space around His131 is significantly narrow for the Cl
- binding, 
suggesting large structural changes of SrSRI upon Cl
- binding. Interestingly, we found that SRI from 
the archaeon Haloarcula vallismortis (HvSRI) exhibited similar alterations due to chloride ion-binding [120]. 
The binding to SrSRI is likely to be important for the function of the SRI protein family. Thus, as 
expected, SrSRI can be a key protein to investigate the functions of SRI at the molecular level. 
Figure 6. (A) Spectral comparison of the HOOP vibrations of the retinal chromophore 
upon formation of the K intermediate. SrSRIK minus SrSRI (a) and HsSRIK minus HsSRI 
(b), difference infrared spectra measured at pH 7.0 and 8.5, respectively. The spectrum of 
HsSRI was deleted at < 872 cm
-1. The HsSRIK minus HsSRI spectra are multiplied by 4.2 
for the sake of comparison. The samples were hydrated with H2O. The SRIIK minus SRII 
(c) and BR-TK minus BR-T (d) difference FTIR spectra are reproduced from reference [70] 
and [83], respectively, for comparison. (B) Spectral comparison of the amide-I vibration 
upon formation of the M intermediate. SrSRIM minus SrSRI (a) difference infrared spectra 
measured at 260 K at pH 7.0 in the 1,780–1,600 cm
-1 region. The samples were hydrated 
with H2O (red) or D2O (blue). The HsSRIM minus HsSRI (b) and SRIIM minus SRII (c) 
difference FTIR spectra are reproduced from reference [54] and [72], respectively, for 
comparison. Adopted from reference [113]. 
 
 
The gene for SrSRI has a downstream sequence immediately followed by a second gene in a 
probable operon under the control of the same promoter as SrSRI [111]. The putative transducer gene 
encodes a 518-residue protein with two transmembrane domains at the N-terminal portion followed by Sensors 2010, 10                                       
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an extensive domain with primarily hydrophilic residues. The transducer protein is hereafter called 
SrHtrI. This topology is similar to that of the Htr transducers from the archaeon H. salinarum. The  
eubacterium, Salinibacter ruber, also has two light-driven ion pumps, Xanthorhodopsin [122] and a 
Halorhodopsin-like protein, making an energy source for living cells. The SrSRI-SrHtrI complex is 
expected to function as a positive phototaxis sensor against longer wavelengths of light where ion 
pumping rhodopsins can utilize light energy, and as a negative phototaxis sensor against shorter 
wavelengths of light which contain harmful UV. Recently we succeeded in producing SrSRI with its 
cognate full-length transducer protein, SrHtrI, as a fusion construct in E. coli as a recombinant protein 
having all-trans retinal as a chromophore for SRI (more than 95% all-trans retinal with a small 
proportion of 13-cis retinal), although the expression level was low (0.10 mg/L culture) [123]. The 
absorption maximum of SrSRI-SrHtrI is at 544 nm, which is shifted from 557 nm in a   
SrHtrI-dependent manner, implying that SrHtrI interacts with SrSRI and perturbs the retinal 
chromophore of SrSRI. As described above, the absorption maximum of SrSRI alone is shifted   
from 542 to 557 nm in a Cl
--dependent manner [115], while the Cl
--induced spectral red shift 
(532544 nm) was also observed in the SrSRI-SrHtrI complex. Thus, absorption maxima of   
SrSRI (Cl
- free), SrSRI (Cl
-),  SrSRI-SrHtrI (Cl
- free) and SrSRI-SrHtrI (Cl
- free) were observed   
at 542, 557, 532 and 544 nm, respectively, indicating that the spectral blue shift by SrHtrI-binding 
(from 557 to 544 nm) is not caused by the effect of Cl
-. 
Figure 7. Putative chloride binding site of SrSRI (left, top view; right, side view). The 
structure was generated using a theoretical model of HsSRI (PDB ID: 1SR1) [121]. It was 
assumed that a positive charge located on the Schiff base nitrogen is likely to move to the 
b-ionone ring by chloride ion binding to His131. 
 
 
It was reported that the pKa value of the counterion Asp76 of HsSRI is increased from 7.2 to 8.5 
upon association with HsHtrI [124]. To estimate the pKa value of the counterion Asp72 of SrSRI with 
and without SrHtrI, we performed pH titration experiments. The results indicate that the pKa value of Sensors 2010, 10                                       
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Asp72 is increased from 4.3 to 4.9 upon SrHtrI association [123], although the shift value of the  
SrSRI-SrHtrI complex (0.6 unit) is smaller than that of HsSRI-HsHtrI (1.3 unit). In the case of SRII, 
no shift was observed [125]. The lower pKa of SrSRI-SrHtrI (4.9) than HsSRI-HsHtrI (8.5) also 
indicates that the counterion Asp72 exists in a deprotonated form at neutral pH where the bacteria live, 
suggesting the functional importance of the deprotonated state of the SrSRI-SrHtrI complex. An 
important question to understand the signal transfer mechanism is whether the photocycle of SrSRI is 
affected by the SrHtrI  binding. Flash photolysis experiments revealed that the M decay of   
SrSRI-SrHtrI is 640-fold slower than that of SrSRI alone [123]. This slow photocycle is particularly 
important because a key difference between transport and sensory rhodopsins is the much slower 
kinetics of the photochemical reaction cycle of the sensors [2,33]. The effect(s) of binding of CheW, 
CheA, and CheY on the SrSRI-SrHtrI complex will be the next focus of our study. 
Sineshchekov et al. reported an interesting study showing that the Schiff base connectivity switch 
plays an important role in SRI with HtrI [126]. As described above, the PSB plays a essential role in 
the functions of microbial rhodopsins [2,33], deprotonating in the first half of the photocycle by 
transferring its proton to an Asp (counterion) residue in the extracellular half-channel and 
reprotonating in the second half of the cycle from the Asp residue in the cytoplasmic channel. The key 
step is known as the “Schiff base connectivity switch”, the photoactive site structural change that 
occurs in the photocycle and changes the accessibility of the retinylidene Schiff base nitrogen from the 
extracellular to the cytoplasmic channel. In the dark, the SRI-HtrI complex exists in two 
conformational states, which differ by their connection of the Schiff base in the SRI photoactive site to 
inner or outer half-channels. In single-quantum photochemical reactions [127], the conformer with the 
Schiff base connected to the cytoplasmic (CP) half-channel generates an attractant signal, whereas the 
conformer with the Schiff base connected to the extracellular (EC) half-channel generates a repellent 
signal. The opposite signals from the two conformers are integrated in the downstream transduction 
pathways leading to one or the other sign of the behavioral response. In the wild-type complex, the 
conformer equilibrium is poised strongly in favor of that with CP-accessible Schiff base. The inverting 
mutations (Glu56 in HtrI; Asn165 and His166 in SRI) [128] shift the equilibrium in favor of the  
EC-accessible Schiff base form, whereas the suppressor mutations (Asn53 in HtrI; Arg84 and Arg215 
in SRI) [128] shift the equilibrium back toward the CP-accessible Schiff base form, restoring the  
wild-type phenotype, which implies that the sign of the behavioral response directly correlates with the 
state of the connectivity switch. In any case, further studies will provide a better understanding of the 
mechanism for signal transduction by the SRI-HtrI complex with CheA and CheW. 
 
4. Bacterial Chemoreceptors 
 
As described, MCPs act not only as receptors but also as transducers. Each MCP forms a 
homodimer regardless of its ligand occupancy state [20]. Each subunit (~60 kDa) consists of, from the 
N-terminus to the C-terminus, the first transmembrane helix (TM1), the periplasmic ligand-binding 
domain, the second transmembrane helix (TM2), the HAMP domain and the kinase control module. 
The three dimensional structures of the homodimeric periplasmic domain of Tar both from E. coli and 
from S. enterica have been solved in the presence and absence of aspartate [129-132]. They showed 
that the periplasmic domain consists of a four helix bundle (Figure 8). The 1 and 4 helices of one Sensors 2010, 10                                       
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subunit compose a membrane-spanning quasi-four-helix bundle with 1’ and 4’ of the partner 
subunit. Residues Arg64 (1), Arg69 (1’), Arg73 (1’) and Thr154 (4) of Tar are essential for the 
binding of aspartate [133-135]. The HAMP domain (the linker region), a 50 amino acid segment which 
is conserved among histidine kinases, adenylyl cyclases, MCPs and phosphatases [136-138], is thought 
to have a critical role in the signaling. Recently, the three-dimensional structure of a HAMP domain 
isolated from an unusual archeal membrane protein of unknown function was determined [139]. This 
archeal HAMP model has been confirmed in full-length membrane bound Tar by a disulfide   
cross-linking study with a series of cysteine-replaced mutant proteins [140]. The four helices of the 
HAMP domain are arranged in the same parallel, four-helix bundle architecture (Figure 8). The kinase 
control module has two long highly -helical structures connected by a U-turn [141,142], which 
comprises three functional regions: the adaptation region possessing several methyl-accepting 
glutamate residues, a coupling region that transmits signals between other regions, and the protein 
interaction region, known as the highly conserved domain (HCD), which possesses contact sites for 
receptor oligomerization and for CheA-CheW binding (Figure 8). The HCD located around the tip of 
the kinase control module is highly conserved among MCPs from various eubacterial and archeal 
species [143,144]. Attractant binding to the MCP dimer induces a small but critical inward 
displacement (piston-like movement) of a membrane-spanning -helix (TM2) of one subunit relative 
to a stable pair of TM1 and TM1’ [129,145-148]. This displacement is thought to be a trigger for a 
structural change in the kinase control module through the HAMP domain that inactivates CheA. 
HAMP is supposed to rectify the asymmetric piston inputs to a symmetric conformational change that 
modulates MCP output signals. It has been proposed that changes in helix-helix packing involves 
signaling through the four-helix bundle of the kinase control module and that the helix packing 
changes in the adaptation and protein interaction regions are tightly and antisymmetrically coupled 
(the yin-yang hypothesis) [149]. 
One of the remarkable features of bacterial chemotaxis is its high sensitivity. For instance, Tar has a 
very low threshold concentration (~3  10
-8 M) of L-aspartate for an attractant response [150-152]. 
Moreover, E. coli responds to very small changes (less than 1%) in the receptor occupancy with 
aspartate [153]. Thus, signals are not just transmitted but have to be amplified somewhere between 
input and output to produce a significant response. However, this amplification cannot be simply 
explained by the stoichiometric phospho-relay. At the motor level, cooperative interactions of 
phosphorylated CheY to FliM have been demonstrated but it is not sufficient to explain the unusually 
high Hill coefficient of the whole system [154,155]. The majority of the amplification is supposed to 
occur at the receptor level. Sensors 2010, 10                                       
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Figure 8. Structure of a dimeric bacterial chemoreceptor. (Left) Schematic illustration of 
the chemoreceptor. Each receptor monomer (~60 kDa) consists of an N-terminal 
periplasmic ligand-binding domain, two transmembrane regions (TM1, TM2), a linker 
region and a C-terminal signaling/adaptation domain. Note that the HAMP domain 
structure is not integrated. (Center) Atomic structural model of the chemoreceptor 
generated by combining crystal structures of the fragments. The two symmetric subunits of 
the homodimer are shown as different colors. (Right) Deduced structure of the HAMP 
domain of the aspartate chemoreceptor Tar. Adopted from reference [140] and [145]. 
 
 
MCPs localize to a cell pole, partially dependent on CheW and CheA, and form large clusters [156-
163] (Figure 9). Each unit of the cluster is a “trimer of dimers” (hexamer), which contact at the 
cytoplasmic tip of the MCP [19,163-167] (Figure 9). The periplasmic architecture of the cluster is also 
a trimer of MCP dimers [168] (Figure 3). Altogether, MCP dimers are organized into a well-defined 
higher order array. This led to the proposal that attractant binding to a certain receptor dimer also 
affects the neighboring receptor dimer(s), a hypothesis which has been supported by several lines of  
evidence [165,169-177]. In fact, chemically synthesized multivalent ligands induce attractant 
responses of E. coli with lower thresholds than do the corresponding monovalent ligands [171,172]. 
These multivalent ligands are thought to promote receptor clustering to increase sensitivity. Thus, 
clustering of MCP is probably important for the chemotactic signaling system. Sensors 2010, 10                                       
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Figure 9. Visualization and identification of chemoreceptor arrays.  (a) Low-dose   
cryo-projection image of the polar region in a wild-type E. coli cell, with the 
chemoreceptor array shown in greater detail in the Inset. (b) Schematic representation of 
the polar region of a wild-type E. coli cell illustrating the assembly and orientation of the 
chemotaxis receptor array, based on a and b. (c) The trimer of dimers of the cytoplasmic 
fragment of Tsr as a crystal unit. Adopted from reference [162] and [164]. 
 
 
In chemotaxis, adaptation is essential for the detection of temporal changes of stimuli and high 
sensitivity to stimuli over a wide dynamic range. Covalent modifications (i.e., methylation and 
demethylation) of MCP are involved in the adaptation described above. The methylation of MCP 
slightly decreases the affinity of the receptor for its ligand [31,178-181] and slightly increases the 
CheA activity [31,181]. However, such changes are too small to account for the adaptation. Rather, the 
methylation seems to control signal gain to cause significant adaptation [173,181]. In fact, an in vivo 
disulfide cross-linking study suggested that methylation (amidation) of Tar and the attractant binding 
to Tar dimers might alter the arrangement of those dimers in roughly opposite directions (possibly 
inducing rotational movement) without much affecting the conformation of the periplasmic domain in 
a pre-formed cluster [168] (Figure 10). Cross-linking analyses with chemical cross-linkers with 
different arm lengths brought about a consistent and more detailed estimation of the arrangement of 
Tar dimers in the cluster (K. Jintori, H.I. and I.K, unpublished results). Furthermore, increasing levels 
of methylation (amidation) attenuates the effects of attractant binding. These results are consistent with 
the “two-state models” of receptor signaling and adaptation [182-186]. In essence, the receptor array is 
in an equilibrium between the kinase ON and OFF states, which are favored by methylation 
(amidation) and attractant binding, respectively, and the attenuation of attractant effect by receptor 
methylation implies the down-regulation of signal gain, suggesting that the gain control by covalent 
modification of the chemoreceptor involves modulation of the arrangement or packing of the receptor Sensors 2010, 10                                       
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array. Thus, these results permit us to speculate that the rotational motion of photo-transducer and  
chemo-transducer proteins are essential movements of the proteins required for the signal transduction. 
 
Figure 10. Model of gain control by covalent modification of receptors. At a cell pole, the 
chemoreceptors form clusters that are made of trimer of dimer units. The cytoplasmic 
interdimer interaction within trimers of dimers is thought to be important for the signaling. 
Our results newly demonstrate that receptor dimers interact at the periplasmic tips and 
these units are organized into a well-defined array. Two-state models of the chemoreceptor 
function assume two extreme states: one activating and the other inactivating CheA (kinase 
ON and OFF states, respectively). The efficiency of cross-linking at a given position is 
highest when the amidation state of the protein is QQQQ (red), EEEE (blue), or QEQE 
(magenta). Cross-linking at position 36 (yellow) is not detectably changed by amidation. 
The observed cross-linking is consistent with the notion that methylation (amidation) 
counteracts the attractant binding; attractant binding favors the OFF state, whereas 
methylation favors the ON state. The results also suggest that receptor methylation restricts 
the rearrangement (rotation) of the dimers by attractant binding (denoted by the blue 
arrows for the demethylated state and the red arrows for the methylated state), leading to a 
smaller gain for the same input signal. Adopted from reference [168]. 
 
Acknowledgements 
 
We wish to thank many collaborators, especially Yuji Furutani, Naoki Kamo and Hideki Kandori. 
Original publications from our groups were supported by a Grant-in-Aid from the Japanese Ministry of 
Education, Science, Technology, Sports and Cultures. 
References and Notes 
1.  Falke, J.J.; Bass, R.B.; Butler, S.L.; Chervitz, S.A.; Danielson, M.A., The two-component 
signaling pathway of bacterial chemotaxis: a molecular view of signal transduction by receptors, 
kinases, and adaptation enzymes. Annu. Rev. Cell. Dev. Biol. 1997, 13, 457-512. Sensors 2010, 10                                       
 
 
4028
2.  Spudich, J.L.; Yang, C.S.; Jung, K.H.; Spudich, E.N. Retinylidene proteins: structures and 
functions from archaea to humans. Annu. Rev. Cell. Dev. Biol. 2000, 16, 365-392. 
3.  Sasaki, J.; Spudich, J.L. Signal transfer in haloarchaeal sensory rhodopsin-transducer complexes. 
Photochem. Photobiol. 2008, 84, 863-868. 
4.  Manson, M.D. Bacterial motility and chemotaxis. Adv. Microbiol. Physiol. 1992, 33, 277-346. 
5.  Parkinson, J.S. Signal transduction schemes of bacteria. Cell 1993, 73, 857-871. 
6.  Blair, D.F. How bacteria sense and swim. Annu. Rev. Microbiol. 1995, 49, 489-522. 
7.  Stock, J.B.; Surette, M.G.; Neidhardt, F.C. Escherichia coli and Salmonella typhimurium: 
Cellular and Molecular Biology; ASM Press: Washington, DC, USA, 1996; pp. 1103-1129. 
8.  Armitage, J.P. Bacterial tactic response. Adv. Microbiol. Physiol. 1999, 41, 229-289. 
9.  Miller, A.F.; Falke, J.J. Chemotaxis receptors and signaling. Adv. Protein Chem.  2004,  68,  
393-444. 
10.  Sourjik, V. Receptor clustering and signal processing in E. coli chemotaxis. Trends Microbiol. 
2004, 12, 569-576. 
11.  Wadhams, G.H.; Armitage, J.P. Making sense of it all: bacterial chemotaxis. Nat. Rev. Mol. Cell 
Biol. 2004, 5, 1024-1037. 
12.  Parkinson, J.S.; Ames, P.; Studdert, C.A. Collaborative signaling by bacterial chemoreceptors. 
Curr. Opin. Microbiol. 2005, 8, 116-121. 
13.  Baker, M.D.; Wolanin, P.M.; Stock, J.B. Signal transduction in bacterial chemotaxis. Bioessays. 
2006, 28, 9-22. 
14.  Hazelbauer, G.L.; Falke, J.J.; Parkinson, J.S. Bacterial chemoreceptors: high-performance 
signaling in networked arrays. Trends Biochem. 2008, 33, 9-19. 
15.  Spudich, J.L.; Bogomolni, R.A. Mechanism of colour discrimination by a bacterial sensory 
rhodopsin. Nature 1984, 312, 509-513. 
16.  Chen, X.; Spudich, J.L. Demonstration of 2:2 stoichiometry in the functional SRI-HtrI signaling 
complex in Halobacterium membranes by gene fusion analysis. Biochemistry 2002, 41, 3891-3896. 
17.  Gordeliy, V.I.; Labahn, J.; Moukhametzianov, R.; Efremov, R.; Granzin, J.; Schlesinger, R.; 
Buldt, G.; Savopol, T.; Scheidig, A.J.; Klare, J.P.; Engelhard, M. Molecular basis of 
transmembrane signalling by sensory rhodopsin II-transducer complex. Nature 2002, 419, 484-487. 
18.  Manson, M.D. A mutational wrench in the HAMP gearbox. Mol. Microbiol. 2009, 73, 742-746. 
19.  Kim, K.K.; Yokota, H.; Kim, S.H., Four-helical-bundle structure of the cytoplasmic domain of a 
serine chemotaxis receptor. Nature 1999, 400, 787-792. 
20.  Milligan, D.L.; Koshland, D.E., Jr. Site-directed cross-linking. Establishing the dimeric structure 
of the aspartate receptor of bacterial chemotaxis. J. Biol. Chem. 1988, 263, 6268-6275. 
21.  Gegner, J.A.; Graham, D.R.; Roth, A.F.; Dahlquist, F.W. Assembly of an MCP receptor, CheW, 
and kinase CheA complex in the bacterial chemotaxis signal transduction pathway. Cell 1992, 70, 
975-982. 
22.  Schuster, S.C.; Swanson, R.V.; Alex, L.A.; Bourret, R.B.; Simon, M.I. Assembly and function of 
a quaternary signal transduction complex monitored by surface plasmon resonance. Nature 1993, 
365, 343-347. 
23.  Mizuno, T. Complication of all genes encoding two-component phosphotransfer signal 
transducers in the genome of Escherichia coli. DNA Res. 1997, 4, 161-168. Sensors 2010, 10                                       
 
 
4029
24.  Hess, J.F.; Oosawa, K.; Kaplan, N.; Simon, M.I. Phosphorylation of three proteins in the 
signaling pathway of bacterial chemotaxis. Cell 1988, 53, 79-87. 
25.  Stock, A.M.; Wylie, D.C.; Mottonen, J.M.; Lupas, A.M.; Ninfa, E.G.; Ninfa, A.J.; Stock, C.E.; 
Stock, J.B. Phospho-proteins involved in bacterial signal transduction. Cold Spring Harbor Symp. 
Quant. Biol. 1988, 53, 49-57. 
26.  Wylie, D.; Stock, A.M.; Wong, C.-Y.; Stock, J.B. Sensory transduction in bacterial chemotaxis 
involves phosphotransfer between Che proteins. Biochem. Biophys. Res. Comm.  1988,  151,  
891-896. 
27.  Welch, M.; Oosawa, K.; Aizawa, S.; Eisenbach, M. Phosphorylation-dependent binding of a 
signal molecule to the flagellar switch of bacteria. Proc. Natl. Acad. Sci. USA 1993,  90,  
8787-8791. 
28.  Barak, R.; Eisenbach, M. Correlation between phosphorylation of the chemotaxis protein CheY 
and its activity at the flagellar motor. Biochemistry 1992, 31, 1821-1826. 
29.  Lupas, A.; Stock, J. Phosphorylation of an N-terminal regulatory domain activates the CheB 
methylesterase in bacterial chemoaxis. J. Biol. Chem. 1989, 264, 17337-17342. 
30.  Anand, G.S.; Goudreau, P.N.; Stock, A.M. Activation of methyltransferase CheB: evidence of a 
dual role for the regulatory domain. Biochemistry 1998, 37, 14038-14047. 
31.  Borkovich, K.A.; Alex, L.A.; Simon, M.I. Attenuation of sensory receptor signaling by covalent 
modification. Proc. Natl. Acad. Sci. USA 1992, 89, 6756-6760. 
32.  Haupts, U.; Tittor, J.; Oesterhelt, D. Closing in on bacteriorhodopsin: progress in understanding 
the molecule. Annu. Rev. Biophys. Biomol. Struct. 1999, 28, 367-399. 
33.  Hoff, W.D.; Jung, K.H.; Spudich, J.L. Molecular mechanism of photosignaling by archaeal 
sensory rhodopsins. Annu. Rev. Biophys. Biomol. Struct. 1997, 26, 223-258. 
34.  Rudolph, J.; Tolliday, N.; Schmitt, C.; Schuster, S.C.; Oesterhelt, D. Phosphorylation in 
halobacterial signal transduction. EMBO J. 1995, 14, 4249-4257. 
35.  Hou, S.; Brooun, A.; Yu, H.S.; Freitas, T.; Alam, M. Sensory rhodopsin II transducer HtrII is 
also responsible for serine chemotaxis in the archaeon Halobacterium salinarum. J. Bacteriol. 
1998, 180, 1600-1602. 
36.  Terashima, H.; Kojima, S.; Homma, M. Flagellar motilitiy in bacteria Structure and function of 
flagellar motor. Int. Rev.Cell Mol. Biol. 2008, 270, 39-85. 
37.  Yorimitsu, T.; Homma, M. Na
+-driven flagellar motor of Vibrio. Biochim. Biophys. Acta. 2001, 
1505, 82-93. 
38.  Sudo, Y.; Kitade, Y.; Furutani, Y.; Kojima, M.; Kojima, S.; Homma, M.; Kandori, H. Interaction 
between Na
+ ion and carboxylates of the PomA-PomB stator unit studied by ATR-FTIR 
spectroscopy. Biochemistry 2009, 48, 11699-11705. 
39.  Shimono, K.; Iwamoto, M.; Sumi, M.; Kamo, N. Functional expression of pharaonis 
phoborhodopsin in Escherichia coli. FEBS Lett. 1997, 420, 54-56. 
40.  Moukhametzianov, R.; Klare, J.P.; Efremov, R.; Baeken, C.; Goppner, A.; Labahn, J.; Engelhard, 
M.; Buldt, G.; Gordeliy, V.I. Development of the signal in sensory rhodopsin and its transfer to 
the cognate transducer. Nature 2006, 440, 115-119. Sensors 2010, 10                                       
 
 
4030
41.  Imamoto, Y.; Shichida, Y.; Hirayama, J.; Tomioka, H.; Kamo, N.; Yoshizawa, T. Nanosecond 
laser photolysis of phoborhodopsin: From Natronobacterium pharaonis apperance of KL and L 
itermediates in the photocycle at room temperature. Photochem. Photobiol. 1992, 56, 1129-1134. 
42.  Spudich, J.L.; Bogomolni, R.A. Sensory rhodopsin I: receptor activation and signal relay. J. 
Bioenerg. Biomembr. 1992, 24, 193-200. 
43.  Takahashi, T.; Tomioka, H.; Kamo, N.; Kobatake, Y. A photosystem other than PS370 also 
mediates the negative phototaxis of Halobacterium halobium. FEMS Microbiol. Lett. 1985, 28, 
161-164. 
44.  Sudo, Y.; Iwamoto, M.; Shimono, K.; Kamo, N. Association of pharaonis phoborhodopsin with 
its cognate transducer decreases the photo-dependent reactivity by water-soluble reagents of 
azide and hydroxylamine. Biochim. Biophys. Acta 2002, 1558, 63-69. 
45.  Luecke, H.; Schobert, B.; Lanyi, J.K.; Spudich, E.N.; Spudich, J.L. Crystal structure of sensory 
rhodopsin II at 2.4 angstroms: insights into color tuning and transducer interaction. Science 2001, 
293, 1499-1503. 
46.  Royant, A.; Nollert, P.; Edman, K.; Neutze, R.; Landau, E.M.; Pebay-Peyroula, E.; Navarro, J.,  
X-ray structure of sensory rhodopsin II at 2.1-A resolution. Proc. Natl. Acad. Sci. USA 2001, 98, 
10131-10136. 
47.  Furutani, Y.; Sudo, Y.; Kamo, N.; Kandori, H. FTIR spectroscopy of the complex between 
pharaonis phoborhodopsin and its transducer protein. Biochemistry 2003, 42, 4837-4842. 
48.  Arakawa, T.; Shimono, K.; Yamaguchi, S.; Tuzi, S.; Sudo, Y.; Kamo, N.; Saito, H. Dynamic 
structure of pharaonis phoborhodopsin (sensory rhodopsin II) and complex with a cognate 
truncated transducer as revealed by site-directed 13C solid-state NMR. FEBS Lett. 2003, 536, 
237-240. 
49.  Sudo, Y.; Yamabi, M.; Iwamoto, M.; Shimono, K.; Kamo, N. Interaction of Natronobacterium 
pharaonis phoborhodopsin (sensory rhodopsin II) with its cognate transducer probed by increase 
in the thermal stability. Photochem. Photobiol. 2003, 78, 511-516. 
50.  Iwamoto, M.; Furutani, Y.; Sudo, Y.; Shimono, K.; Kandori, H.; Kamo, N. Role of Asp193 in 
chromophore-protein interaction of pharaonis phoborhodopsin (sensory rhodopsin II). Biophys. J. 
2002, 83, 1130-1135. 
51.  Yamaguchi, S.; Shimono, K.; Sudo, Y.; Tuzi, S.; Naito, A.; Kamo, N.; Saito, H. Conformation 
and dynamics of the [3-(13)C]Ala, [1-(13)C]Val-labeled truncated pharaonis transducer,   
pHtrII(1-159), as revealed by site-directed (13)C solid-state NMR: changes due to association 
with phoborhodopsin (sensory rhodopsin II). Biophys. J. 2004, 86, 3131-3140. 
52.  Kawamura, I.; Ikeda, Y.; Sudo, Y.; Iwamoto, M.; Shimono, K.; Yamaguchi, S.; Tuzi, S.; Saito, 
H.; Kamo, N.; Naito, A. Participation of the surface structure of pharaonis phoborhodopsin, ppR 
and its A149S and A149V mutants, consisting of the C-terminal alpha-helix and E-F loop, in the 
complex-formation with the cognate transducer pHtrII, as revealed by site-directed 13C   
solid-state NMR. Photochem. Photobiol. 2007, 83, 339-345. 
53.  Iwamoto, M.; Shimono, K.; Sumi, M.; Kamo, N. Light-induced proton uptake and release of 
pharaonis phoborhodopsin detected by a photoelectrochemical cell. J. Phys. Chem. B 1999, 103, 
10311-10315. Sensors 2010, 10                                       
 
 
4031
54.  Furutani, Y.; Takahashi, H.; Sasaki, J.; Sudo, Y.; Spudich, J. L.; Kandori, H. Structural changes 
of sensory rhodopsin I and its transducer protein are dependent on the protonated state of Asp76. 
Biochemistry 2008, 47, 2875-2883. 
55.  Sudo, Y.; Iwamoto, M.; Shimono, K.; Kamo, N. Pharaonis phoborhodopsin binds to its cognate 
truncated transducer even in the presence of a detergent with a 1:1 stoichiometry. Photochem. 
Photobiol. 2001, 74, 489-494. 
56.  Furutani, Y.; Kamada, K.; Sudo, Y.; Shimono, K.; Kamo, N.; Kandori, H. Structural changes of 
the complex between pharaonis phoborhodopsin and its cognate transducer upon formation of 
the M photointermediate. Biochemistry 2005, 44, 2909-2915. 
57.  Kamada, K.; Furutani, Y.; Sudo, Y.; Kamo, N.; Kandori, H., Temperature-dependent interactions 
between photoactivated pharaonis phoborhodopsin and its transducer. Biochemistry 2006, 45, 
4859-4866. 
58.  Wegener, A.A.; Chizhov, I.; Engelhard, M.; Steinhoff, H.J. Time-resolved detection of transient 
movement of helix F in spin-labelled pharaonis sensory rhodopsin II. J. Mol. Biol. 2000, 301, 
881-891. 
59.  Wegener, A.A.; Klare, J.P.; Engelhard, M.; Steinhoff, H.J. Structural insights into the early steps 
of receptor-transducer signal transfer in archaeal phototaxis. EMBO J. 2001, 20, 5312-5319. 
60.  Hippler-Mreyen, S.; Klare, J.P.; Wegener, A.A.; Seidel, R.; Herrmann, C.; Schmies, G.; Nagel, 
G.; Bamberg, E.; Engelhard, M. Probing the sensory rhodopsin II binding domain of its cognate 
transducer by calorimetry and electrophysiology. J. Mol. Biol. 2003, 330, 1203-1213. 
61.  Sudo, Y.; Yamabi, M.; Kato, S.; Hasegawa, C.; Iwamoto, M.; Shimono, K.; Kamo, N., 
Importance of specific hydrogen bonds of archaeal rhodopsins for the binding to the transducer 
protein. J. Mol. Biol. 2006, 357, 1274-1282. 
62.  Oesterhelt, D.; Stoeckenius, W. Functions of a new photoreceptor membrane. Proc. Natl. Acad. 
Sci. USA 1973, 70, 2853-2857. 
63.  Essen, L.O. Halorhodopsin: light-driven ion pumping made simple? Curr. Opin. Struct. Biol. 
2002, 12, 516-522. 
64. Yang, C.S.; Sineshchekov, O.; Spudich, E.N.; Spudich, J.L. The cytoplasmic   
membrane-proximal domain of the HtrII transducer interacts with the E-F loop of photoactivated 
Natronomonas pharaonis sensory rhodopsin II. J. Biol. Chem. 2004, 279, 42970-42976. 
65.  Taniguchi, Y.; Ikehara, T.; Kamo, N.; Yamasaki, H.; Toyoshima, Y. Dynamics of light-induced 
conformational changes of the phoborhodopsin/transducer complex formed in the n-dodecyl   
beta-D-maltoside micelle. Biochemistry 2007, 46, 5349-5357. 
66.  Doebber, M.; Bordignon, E.; Klare, J.P.; Holterhues, J.; Martell, S.; Mennes, N.; Li, L.; 
Engelhard, M.; Steinhoff, H.J. Salt-driven equilibrium between two conformations in the HAMP 
domain from Natronomonas pharaonis: the language of signal transfer? J. Biol. Chem. 2008, 283,  
28691-28701. 
67.  Sudo, Y.; Okuda, H.; Yamabi, M.; Fukuzaki, Y.; Mishima, M.; Kamo, N.; Kojima, C. Linker 
region of a halobacterial transducer protein interacts directly with its sensor retinal protein. 
Biochemistry 2005, 44, 6144-6152. Sensors 2010, 10                                       
 
 
4032
68.  Hayashi, K.; Sudo, Y.; Jee, J.; Mishima, M.; Hara, H.; Kamo, N.; Kojima, C. Structural analysis 
of the phototactic transducer protein HtrII linker region from Natronomonas pharaonis. 
Biochemistry 2007, 46, 14380-14390. 
69.  Hirayama, J.; Imamoto, Y.; Shichida, Y.; Kamo, N.; Tomioka, H.; Yoshizawa, T. Photocycle of 
phoborhodopsin from haloalkaliphilic bacterium (Natronobacterium pharaonis) studied by   
low-temperature spectrophotometry. Biochemistry 1992, 31, 2093-2098. 
70.  Kandori, H.; Furutani, Y.; Shimono, K.; Shichida, Y.; Kamo, N. Internal water molecules of 
pharaonis phoborhodopsin studied by low-temperature infrared spectroscopy. Biochemistry 2001, 
40, 15693-15698. 
71.  Shimono, K.; Furutani, Y.; Kandori, H.; Kamo, N., A pharaonis phoborhodopsin mutant with the 
same retinal binding site residues as in bacteriorhodopsin. Biochemistry 2002, 41, 6504-6509. 
72.  Furutani, Y.; Iwamoto, M.; Shimono, K.; Kamo, N.; Kandori, H. FTIR spectroscopy of the M 
photointermediate in pharaonis phoborhodopsin. Biophys. J. 2002, 83, 3482-3489. 
73.  Iwamoto, M.; Furutani, Y.; Kamo, N.; Kandori, H. Proton transfer reactions in the F86D and 
F86E mutants of pharaonis phoborhodopsin (sensory rhodopsin II). Biochemistry  2003,  42, 
2790-2796. 
74.  Furutani, Y.; Iwamoto, M.; Shimono, K.; Wada, A.; Ito, K.; Kamo, N.; Kandori, H. FTIR 
spectroscopy of the O photointermediate in pharaonis phoborhodopsin: structural changes of the 
retinal, protein, and water molecules after photoisomerization. Biochemistry 2004, 43, 5204-5212. 
75.  Sudo, Y.; Furutani, Y.; Wada, A.; Ito, M.; Kamo, N.; Kandori, H. Steric constraint in the primary 
photoproduct of an archaeal rhodopsin from regiospecific perturbation of C-D stretching 
vibration of the retinyl chromophore. J. Am. Chem. Soc. 2005, 127, 16036-16037. 
76.  Furutani, Y.; Sudo, Y.; Wada, A.; Ito, M.; Shimono, K.; Kamo, N.; Kandori, H. Assignment of 
the hydrogen-out-of-plane and -in-plane vibrations of the retinal chromophore in the K 
intermediate of pharaonis phoborhodopsin. Biochemistry 2006, 45, 11836-11843. 
77.  Sudo, Y.; Furutani, Y.; Iwamoto, M.; Kamo, N.; Kandori, H. Structural changes in the O-decay 
accelerated mutants of pharaonis phoborhodopsin. Biochemistry 2008, 47, 2866-2874. 
78.  Sudo, Y.; Furutani, Y.; Shimono, K.; Kamo, N.; Kandori, H. Hydrogen bonding alteration of  
Thr-204 in the complex between pharaonis phoborhodopsin and its transducer protein. 
Biochemistry 2003, 42, 14166-14172. 
79.  Bergo, V.B.; Spudich, E.N.; Rothschild, K.J.; Spudich, J.L. Photoactivation perturbs the 
membrane-embedded contacts between sensory rhodopsin II and its transducer. J. Biol. Chem. 
2005, 280, 28365-28369. 
80.  Ito, M.; Sudo, Y.; Furutani, Y.; Okitsu, T.; Wada, A.; Homma, M.; Spudich, J. L.; Kandori, H. 
Steric constraint in the primary photoproduct of sensory rhodopsin II is a prerequisite for   
light-signal transfer to HtrII. Biochemistry 2008, 47, 6208-6215. 
81.  Sudo, Y.; Furutani, Y.; Kandori, H.; Spudich, J.L. Functional importance of the interhelical 
hydrogen bond between Thr204 and Tyr174 of sensory rhodopsin II and its alteration during the 
signaling process. J. Biol. Chem. 2006, 281, 34239-34245. 
82.  Sudo, Y.; Spudich, J.L. Three strategically placed hydrogen-bonding residues convert a proton 
pump into a sensory receptor. Proc. Natl. Acad. Sci. USA 2006, 103, 16129-16134. Sensors 2010, 10                                       
 
 
4033
83.  Sudo, Y.; Furutani, Y.; Spudich, J.L.; Kandori, H. Early photocycle structural changes in a 
bacteriorhodopsin mutant engineered to transmit photosensory signals. J. Biol. Chem. 2007, 282, 
15550-15558. 
84.  Iwamoto, M.; Sudo, Y.; Shimono, K.; Araiso, T.; Kamo, N. Correlation of the O-intermediate 
rate with the pKa of Asp-75 in the dark, the counterion of the Schiff base of pharaonis 
phoborhodopsin (sensory rhodopsin II). Biophys. J. 2005, 88, 1215-1223. 
85.  Klare, J.P.; Schmies, G.; Chizhov, I.; Shimono, K.; Kamo, N.; Engelhard, M. Probing the proton 
channel and the retinal binding site of Natronobacterium pharaonis sensory rhodopsin II. 
Biophys. J. 2002, 82, 2156-2164. 
86.  Shimono, K.; Hayashi, T.; Ikeura, Y.; Sudo, Y.; Iwamoto, M.; Kamo, N. Importance of the broad 
regional interaction for spectral tuning in Natronobacterium pharaonis phoborhodopsin (sensory 
rhodopsin II). J. Bio. Chem. 2003, 278, 23882-23889. 
87.  Yan, B.; Takahashi, T.; Johnson, R.; Spudich, J.L. Identification of signaling states of a sensory 
receptor by modulation of lifetimes of stimulus-induced conformations: the case of sensory 
rhodopsin II. Biochemistry 1991, 30, 10686-10692. 
88.  Engelhard, M.; Scharf, B.; Siebert, F. Protonation changes during the photocycle of sensory 
rhodopsin II from Natronobacterium pharaonis. FEBS Lett. 1996, 395, 195-198. 
89.  Sudo, Y.; Iwamoto, M.; Shimono, K.; Sumi, M.; Kamo, N. Photo-induced proton transport of 
pharaonis phoborhodopsin (sensory rhodopsin II) is ceased by association with the transducer. 
Biophys. J. 2001, 80, 916-922. 
90.  Schmies, G.; Engelhard, M.; Wood, P.G.; Nagel, G.; Bamberg, E. Electrophysiological 
characterization of specific interactions between bacterial sensory rhodopsins and their 
transducers. Proc. Natl. Acad. Sci. USA 2001, 98, 1555-1559. 
91.  Spudich, J.L. Variations on a molecular switch: transport and sensory signalling by archaeal 
rhodopsins. Mol. Microbiol. 1998, 28, 1051-1058. 
92.  Sasaki, J.; Spudich, J.L. Proton transport by sensory rhodopsins and its modulation by   
transducer-binding. Biochim. Biophys. Acta. 2000, 1460, 230-239. 
93.  Takao, K.; Kikukawa, T.; Araiso, T.; Kamo, N. Azide accelerates the decay of M-intermediate of 
pharaonis phoborhodopsin. Biophys. Chem. 1998, 73, 145-153. 
94.  Iwamoto, M.; Sudo, Y.; Shimono, K.; Kamo, N. Selective reaction of hydroxylamine with 
chromophore during the photocycle of pharaonis phoborhodopsin. Biochim. Biophys. Acta. 2001, 
1514, 152-158. 
95.  Kamikubo, H.; Kataoka, M.; Varo, G.; Oka, T.; Tokunaga, F.; Needleman, R.; Lanyi, J.K. 
Structure of the N intermediate of bacteriorhodopsin revealed by x-ray diffraction. Proc. Natl. 
Acad. Sci. USA 1996, 93, 1386-1390. 
96.  Oka, T.; Yagi, N.; Fujisawa, T.; Kamikubo, H.; Tokunaga, F.; Kataoka, M. Time-resolved x-ray 
diffraction reveals multiple conformations in the M-N transition of the bacteriorhodopsin 
photocycle. Proc. Natl. Acad. Sci. USA 2000, 97, 14278-14282. 
97.  Sass, H.J.; Buldt, G.; Gessenich, R.; Hehn, D.; Neff, D.; Schlesinger, R.; Berendzen, J.; Ormos, P. 
Structural alterations for proton translocation in the M state of wild-type bacteriorhodopsin. 
Nature 2000, 406, 649-653. Sensors 2010, 10                                       
 
 
4034
98.  Subramaniam, S.; Henderson, R. Molecular mechanism of vectorial proton translocation by 
bacteriorhodopsin. Nature 2000, 406, 653-657. 
99.  Vonck, J. Structure of the bacteriorhodopsin mutant F219L N intermediate revealed by electron 
crystallography. EMBO J. 2000, 19, 2152-2160. 
100. Radzwill, N.; Gerwert, K.; Steinhoff, H.J. Time-resolved detection of transient movement of 
helices f and g in doubly spin-labeled bacteriorhodopsin. Biophys. J. 2001, 80, 2856-2866. 
101. Yang, C.S.; Spudich, J.L. Light-induced structural changes occur in the transmembrane helices 
of the Natronobacterium pharaonis HtrII transducer. Biochemistry 2001, 40, 14207-14214. 
102. Sudo, Y.; Iwamoto, M.; Shimono, K.; Kamo, N. Association between a photo-intermediate of a 
M-lacking mutant D75N of pharaonis phoborhodopsin and its cognate transducer. J. Photochem. 
Photobiol. B 2002, 67, 171-176. 
103.  Sudo, Y.; Nishihori, T.; Iwamoto, M.; Shimono, K.; Kojima, C.; Kamo, N. A Long-lived M-like 
state of phoborhodopsin that mimics the active state. Biophys. J. 2008, 95, 753-760. 
104. Matsuno-Yagi, A.; Mukohata, Y. Two possible roles of bacteriorhodopsin; a comparative study 
of strains of Halobacterium halobium differing in pigmentation. Biochem. Biophys. Res. 
Commun. 1977, 78, 237-243. 
105.  Tsuda, M.; Hazemoto, N.; Kondo, M.; Kamo, N.; Kobatake, Y.; Terayama, Y. Two photocycles 
in halobacterium halobium that lacks bacteriorhodopsin. Biochem. Biophys. Res. Commun. 1982, 
108, 970-976. 
106. Bogomolni, R.A.; Spudich, J.L. Identification of a third rhodopsin-like pigment in phototactic 
Halobacterium halobium. Proc. Natl. Acad. Sci. USA 1982, 79, 6250-6254. 
107. Kitajima-Ihara, T.; Furutani, Y.; Suzuki, D.; Ihara, K.; Kandori, H.; Homma, M.; Sudo, Y. 
Salinibacter sensory rhodopsin: Sensory rhodopsin I-like protein from a eubacterium. J. Biol. 
Chem. 2008, 283, 23533-23541. 
108.  Pebay-Peyroula, E.; Rummel, G.; Rosenbusch, J.P.; Landau, E.M. X-ray structure of 
bacteriorhodopsin at 2.5 angstroms from microcrystals grown in lipidic cubic phases. Science 
1997, 277, 1676-1681. 
109.  Luecke, H.; Schobert, B.; Richter, H.T.; Cartailler, J.P.; Lanyi, J.K. Structure of 
bacteriorhodopsin at 1.55 A resolution. J. Mol. Biol. 1999, 291, 899-911. 
110. Kolbe, M.; Besir, H.; Essen, L.O.; Oesterhelt, D. Structure of the light-driven chloride pump 
halorhodopsin at 1.8 A resolution. Science 2000, 288, 1390-1396. 
111.  Mongodin, E.F.; Nelson, K.E.; Daugherty, S.; Deboy, R.T.; Wister, J.; Khouri, H.; Weidman, J.; 
Walsh, D.A.; Papke, R.T.; Sanchez Perez, G.; Sharma, A.K.; Nesbo, C.L.; MacLeod, D.; 
Bapteste, E.; Doolittle, W.F.; Charlebois, R.L.; Legault, B.; Rodriguez-Valera, F. The genome of 
Salinibacter ruber: convergence and gene exchange among hyperhalophilic bacteria and archaea. 
Proc. Natl. Acad. Sci. USA 2005, 102, 18147-18152. 
112. Beja, O.; Aravind, L.; Koonin, E.V.; Suzuki, M.T.; Hadd, A.; Nguyen, L.P.; Jovanovich, S.B.; 
Gates, C.M.; Feldman, R.A.; Spudich, J.L.; Spudich, E.N.; DeLong, E.F. Bacterial rhodopsin: 
evidence for a new type of phototrophy in the sea. Science 2000, 289, 1902-1906. 
113. Suzuki, D.; Sudo, Y.; Furutani, Y.; Takahashi, H.; Homma, M.; Kandori, H. Structural changes 
of  Salinibacter sensory rhodopsin I upon formation of the K and M photointermediates. 
Biochemistry 2008, 47, 12750-12759. Sensors 2010, 10                                       
 
 
4035
114.  Kitade, Y.; Furutani, Y.; Kamo, N.; Kandori, H. Proton release group of pharaonis 
phoborhodopsin revealed by ATR-FTIR spectroscopy. Biochemistry 2009, 48, 1595-1603. 
115. Suzuki, D.; Furutani, Y.; Inoue, K.; Kikukawa, T.; Sakai, M.; Fujii, M.; Kandori, H.; Homma, M.; 
Sudo, Y. Effects of chloride ion binding on the photochemical properties of Salinibacter sensory 
rhodopsin I. J. Mol. Biol. 2009, 392, 48-62. 
116. Blatz, P.E.; Mohler, J.H.; Navangul, H.V. Anion-induced wavelength regulation of absorption 
maxima of Schiff bases of retinal. Biochemistry 1972, 11, 848-855. 
117.  Honig, B.; Dinur, U.; Nakanishi, K.; Balogh-Nair, V.; Gawinowicz, M.A.; Arnaboldi, M.; Motto, 
M.G. An External point-charge model for wavelength regulation in visual pigments. J. Am. Chem. 
Soc. 1979, 101, 7084-7086. 
118. Hu, S.; Franklin, P.J.; Wang, J.; Ruiz Silva, B.E.; Derguini, F.; Nakanishi, K.; Chen, A.H. 
Unbleachable rhodopsin with an 11-cis-locked eight-membered ring retinal: the visual 
transduction process. Biochemistry 1994, 33, 408-416. 
119. Rajamani, R.; Gao, J. Combined QM/MM study of the opsin shift in bacteriorhodopsin. J. 
Comput. Chem. 2002, 23, 96-105. 
120. Yagasaki, J.; Suzuki, D.; Ihara, K.; Inoue, K.; Kikukawa, T.; Sakai, M.; Fujii, M.; Homma, M.; 
Kandori, H.; Sudo, Y. Spectroscopic studies of a sensory rhodopsin I homolog from the archaeon 
Haloarcula vallismortis. Biochemistry 2010, 49, 1183-1190. 
121. Lin, S.L.; Yan, B. Three-dimensional model of sensory rhodopsin I reveals important restraints 
between the protein and the chromophore. Protein. Eng. 1997, 10, 197-206. 
122.  Balashov, S.P.; Imasheva, E.S.; Boichenko, V.A.; Anton, J.; Wang, J.M.; Lanyi, J.K. 
Xanthorhodopsin: a proton pump with a light-harvesting carotenoid antenna. Science 2005, 309, 
2061-2064. 
123. Sudo, Y.; Okada, A.; Suzuki, D.; Inoue, K.; Irieda, H.; Sakai, M.; Fujii, M.; Furutani, Y.; 
Kandori, H.; Homma, M. Characterization of a signaling complex composed of sensory 
rhodopsin I and its cognate transducer protein from the eubacterium Salinibacter ruber. 
Biochemistry 2009, 48, 10136-10145. 
124. Spudich, J.L. Transducer protein HtrI controls proton movements in sensory rhodopsin I. 
Biophys. Chem. 1995, 56, 165-169. 
125. Sudo, Y.; Iwamoto, M.; Shimono, K.; Kamo, N. Role of charged residues of pharaonis 
phoborhodopsin (sensory rhodopsin II) in its interaction with the transducer protein. 
Biochemistry 2004, 43, 13748-13754. 
126.  Sineshchekov, O.A.; Sasaki, J.; Phillips, B.J.; Spudich, J.L. A Schiff base connectivity switch in 
sensory rhodopsin signaling. Proc. Natl. Acad. Sci. USA 2008, 105, 16159-16164. 
127.  Sineshchekov, O.A.; Spudich, J.L. Light-induced intramolecular charge movements in microbial 
rhodopsins in intact E. coli cells. Photochem. Photobio.l Sci. 2004, 3, 548-554. 
128. Jung, K.H.; Spudich, J.L. Suppressor mutation analysis of the sensory rhodopsin I-transducer 
complex: insights into the color-sensing mechanism. J. Bacteriol. 1998, 180, 2033-2042. 
129.  Milburn, M.V.; Prive, G.G.; Milligan, D.L.; Scott, W.G.; Yeh, J.; Jacarik, J.; Koshland, D.E. Jr.; 
Kim, S.H. Three-dimensional structures of the ligand-binding domain of the bacterial aspartate 
receptor with and without a ligand. Science 1991, 254, 1342-1347. Sensors 2010, 10                                       
 
 
4036
130. Scott, W.G.; Milligan, D.L.; Milburn, M.V.; Prive, G.G.; Yeh, J., Koshland, D.E. Jr.; Kim, S.H. 
Refined structures of the ligand-binding domain of the aspartate receptor from Salmonella 
typhimurium. J. Mol. Biol. 1993, 232, 555-573. 
131. Yeh, J.I.; Biemann, H.P.; Pandit, J., Koshland, D.E. Jr.; Kim, S.-H. The three-dimensional 
structure f the ligand-binding domain of a wild-type bacterial chemotaxis receptor. Structural 
comparison to the cross-linked mutant forms and conformational changes upon ligand binding. J. 
Biol. Chem. 1993, 268, 9787-9792. 
132.  Yeh, J.I.; Biemann, H.P.; Prive, G.G.; Pandit, J.; Koshland, D.E. Jr.; Kim, S.-H., High-resolution 
structures of the ligand binding domain of the wild-type bacterial aspartate receptor. J. Mol. Biol. 
1996, 262, 186-201. 
133. Wolff, C.; Parkinson, J.S. Aspartate taxis mutants of the Escherichia coli tar chemoreceptor. J. 
Bacteriol. 1988, 170, 4509-4515. 
134.  Mowbray, S.L.; Koshland, D. E. Jr. Mutations in the aspartate receptor of Escherichia coli which 
affect aspartate binding. J. Biol. Chem. 1990, 265, 15638-15643. 
135.  Lee, L.; Imae, Y. Role of threonine residue 154 in ligand recognition of the Tar chemoreceptor in 
Escherichia coli. J. Bacteriol. 1990, 172, 377-382. 
136. Butler, S.L.; Falke, J.J. Cysteine and disulfide scanning reveals two amphiphilic helices in the 
linker region of the aspartate chemoreceptor. Biochemistry 1998, 37, 10746-10756. 
137.  Williams, S.B.; Stewart, V. Functional similarities among two-component sensors and   
methyl-accepting chemotaxis proteins suggest a role for linker region amphipathic helices in 
transmembrane signal transduction. Mol. Mircobiol. 1999, 33, 1093-1102. 
138.  Appleman, J.A.; Stewart, V. Mutational Analysis of a Conserved Signal-transducing element: the 
HAMP linker of the Escherichia coli nitrate sensor NarX. J. Bacteriol. 2003, 185, 89-97. 
139. Hulko, M.; Berndt, F.; Gruber, M.; Linder, J.U.; Truffault, V.; Schultz, A.; Martin, J.; Schultz, 
J.E.; Lupas, A.N.; Coles, M. The HAMP domain structure implies helix rotation in 
transmembrane signaling. Cell 2006, 126, 929-940. 
140.  Swain, K.E.; Falke, J.J. Structure of the conserved HAMP domain in an intact, membrane-bound 
chemoreceptor: a disulfide mapping study. Biochemistry 2007, 46, 13684-13695. 
141. Bass, R.B.; Falke, J.J. The aspartate receptor cytoplasmic domain: in situ chemical analysis of 
structure, mechanism and dynamics. Structure 1999, 7, 829-840. 
142. Falke, J.J.; Kim, S.-H. Structure of a conserved receptor domain that regulates kinase activity: 
the cytoplasmic domain of bacterial taxis receptors. Curr. Opin. Struct. Biol. 2000, 10, 462-469. 
143.  Le Moual, H.; Koshland, D.E. Jr. Molecular evolution of the C-terminal cytoplasmic domain of a 
superfamily of bacterial receptors involved in taxis. J. Mol. Biol. 1996, 261, 568-585. 
144.  Zhulin, I.B. The superfamily of chemotaxis transducers: from physiology to genomics and back. 
Adv. Microbiol. Physiol. 2001, 45, 157-198. 
145. Falke, J.J.; Hazelbauer, G.L. Transmembrane signaling in bacterial chemoreceptors. Trends. 
Biochem. Sci. 2001, 4, 257-265. 
146. Chervitz, S.A.; Lin, C.M.; Falke, J.J. Transmembrane signaling by the aspartate receptor: 
engineered disulfides reveal static regions of the subunit interface. Biochemistry  1995,  34,  
9722-9733. Sensors 2010, 10                                       
 
 
4037
147. Chervitz, S.A.; Falke, J.J. Lock on/off disulfides identify the transmembrane signaling helix of 
the aspartate receptor. J. Biol. Chem. 1995, 270, 24043-24053. 
148. Ottemann, K.M.; Xiao, W.; Shin, Y.K.; Koshland, D.E. Jr. A piston model for transmembrane 
signaling of the aspartate receptor. Science 1999, 285, 1751-1754. 
149. Swain, K.E.; Gonzalez, M.A.; Falke, J.J. Engineered socket study of signaling through a   
four-helix bundle: Evidence for a Yin−Yang mechanism in the kinase control module of the 
aspartate receptor. Biochemistry 2009, 48, 9266-9277. 
150. Clarke, S.; Koshland, D.E. Jr. Membrane receptors for aspartate and serine in bacterial 
chemotaxis. J. Biol. Chem. 1979, 254, 9695-9702. 
151. Hedblom, M.L.; Adler, J. Chemotactic response of Escherichia coli to chemically synthesized 
amino acids. J. Bacteriol. 1983, 155, 1463-1466. 
152.  Segall, J.E.; Block, S.M.; Berg, H.C. Temporal comparisons in bacterial chemotaxis. Proc. Natl. 
Acad. Sci. USA 1986, 83, 8987-8991. 
153. Jasuja, R.; Lin, Y.; Trentham, D.R.; Khan, S. Response tuning in bacterial chemotaxis. Proc. 
Natl. Acad. Sci. USA 1999, 96, 11346-11351. 
154. Cluzel, P.; Surette, M.; Leibler, S. An ultrasensitive bacterial motor revealed by monitoring 
signaling proteins in single cells. Science 2000, 287, 1652-1655. 
155. Sourjik, V.; Berg, H.C. Binding of the Escherichia coli response regulator CheY to its target 
measured in vivo by fluorescence resonance energy transfer. Proc. Natl. Acad. Sci. USA 2002, 99, 
12669-12674. 
156. Maddock, J.R.; Shapiro, L. Polar location of the chemoreceptor complex in the Escherichia coli 
cell. Science 1993, 259, 1717-1723. 
157. Lybarger, S.R.; Maddock, J.R. Clustering of the chemoreceptor complex in Escherichia coli is 
independent of the methyltransferase CheR and the methylesterase CheB. J. Bacteriol. 1999, 181, 
5527-5529. 
158.  Lybarger, S.R.; Maddock, J.R. Differences in the polar clustering of the high- and   
low-abundance chemoreceptors of Escherichia coli.  Proc. Natl. Acad. Sci. USA  2000,  97,  
8057-8062. 
159. Skidmore, J.M.; Ellefson, D.D.; McNamara, B.P.; Couto, M.M.; Wolfe, A.J.; Maddock, J.R. 
Polar clustering of the chemoreceptor complex in Escherichia coli occurs in the absence of 
complete CheA function. J. Bacteriol. 2000, 182, 967-973. 
160.  Sourjik, V.; Berg, H.C. Localization of components of the chemotaxis machinery of Escherichia 
coli using fluorescent protein fusions. Mol. Microbiol. 2000, 37, 740-751. 
161. Shiomi, D.; Zhulin, I.B.; Homma, M.; Kawagishi, I. Dual recognition of the bacterial 
chemoreceptor by chemotaxis-specific domains of the CheR methyltransferase. J. Biol. Chem. 
2002, 277, 42325-42333. 
162.  Zhang, P.; Khursigara, C.M.; Hartnell, L.M.; Subramaniam, S. Direct visualization of 
Escherichia coli chemotaxis receptor arrays using cryo-electron microscopy. Proc. Natl. Acad. 
Sci. USA 2007, 104, 3777-3781. 
163. Briegel A.; Ortega D.R.; Tocheva E.I.; Wuichet, K.; Li, Z.; Chen, S.; Müller, A.; Iancu, C.V.; 
Murphy, G.E.; Dobro, M.J.; Zhulin, I.B.; Jensen, G.J. Universal architecture of bacterial 
chemoreceptor arrays. Proc. Natl. Acad. Sci. USA 2009, 106, 17181-17186. Sensors 2010, 10                                       
 
 
4038
164. Kim, S.-H.; Wang, W.; Kim, K.K. Dynamic and clustering model of bacterial chemotaxis 
receptors: structural basis for signaling and high sensitivity. Proc. Natl. Acad. Aci. USA 2002, 99, 
11611-11615. 
165. Ames, P.; Studdert, C.A.; Reiser, R.H.; Parkinson, J.S. Collaborative signaling by mixed 
chemoreceptor teams in Escherichia coli. Proc. Natl. Acad. Sci. USA 2002, 99, 7060-7065. 
166.  Shimizu, T.S.; Le Novere, N.; Levin, M.D.; Beavil, A.J.; Sutton, B.J.; Bray, D. Molecular model 
of a lattice of signaling proteins involved in bacterial chemotaxis. Nat. Cell Biol. 2000, 2, 792-796. 
167. Zhang, P.; Weis, R.M.; Peters, P.J.; Subramaniam, S. Electron tomography of bacterial 
chemotaxis receptor assemblies. Methods in Cell Biol. 2007, 79, 373-384. 
168. Irieda, H.; Homma, M.; Homma, M.; Kawagishi, I. Control of chemotactic signal gain via 
modulation of a pre-formed receptor array. J. Biol. Chem. 2006, 281, 23880-23886. 
169.  Bray, D.; Levin, M.D.; Morton-Firth, C.J. Receptor clustering as a cellular mechanism to control 
sensitivity. Nature 1998, 393, 85-88. 
170.  Duke, T.A.; Bray, D. Heightened sensitivity of a lattice of membrane receptors. Proc. Natl. Acad. 
Sci. USA 1999, 96, 10104-10108. 
171. Gestwicki, J.E.; Strong, L.E.; Kiessling, L.L. Tuning chemotactic responses with synthetic 
multivalent ligands. Chem. Biol. 2000, 7, 583-591. 
172. Gestwicki, J.E.; Kiessling, L.L. Inter-receptor communication through arrays of bacterial 
chemoreceptors. Nature 2002, 415, 81-84. 
173. Sourjik, V.; Berg, H.C. Receptor sensitivity in bacterial chemotaxis. Proc. Natl. Acad. Sci. USA 
2002, 99, 123-127. 
174.  Sourjik, V.; Berg, H.C. Functional interactions between receptors in bacterial chemotaxis. Nature 
2004, 428, 437-441. 
175. Mello, B.A.; Tu, Y. Quantitative modeling of sensitivity in bacterial chemotaxis: The role of 
coupling among different chemoreceptor species. Proc. Natl. Acad. Sci. USA  2003,  100,  
8223-8228. 
176. Studdert, C.A.; Parkinson, J.S. Crosslinking snapshots of bacterial chemoreceptor squads. Proc. 
Natl. Acad. Sci. USA 2004, 101, 2117-2122. 
177. Homma, M.; Shiomi, D.; Homma, M.; Kawagishi, I. Attractant binding alters arrangement of 
chemoreceptor dimers within its cluster at a cell pole. Proc. Natl. Acad. Sci. USA 2004, 101,  
3462-3467. 
178. Dunten, P.; Koshland, D.E. Jr. Tuning the responsiveness of a sensory receptor via covalent 
modification. J. Biol. Chem. 1991, 266, 1491-1496. 
179. Lin, L.N.; Li, J.; Brandts, J.F.; Weis, R.M. The serine receptor of bacterial chemotaxis exhibits 
half-site saturation for serine binding. Biochemistry 1994, 33, 6564-6570. 
180. Iwama, T.; Homma, M.; Kawagishi, I. Uncoupling of ligand-binding affinity of the bacterial 
serine chemoreceptor from methylation- and temperature-modulated signaling states. J. Biol. 
Chem. 1997, 272, 13810-13815. 
181. Levit, M.N.; Stock, J.B. Receptor methylation controls the magnitude of stimulus-response 
coupling in bacterial chemotaxis. J. Biol. Chem. 2002, 277, 36760-36765. 
182. Asakura, S.; Honda, H. Two-state model for bacterial chemoreceptor proteins. The role of 
multiple methylation. J. Mol. Biol. 1984, 176, 349-367. Sensors 2010, 10                                       
 
 
4039
183. Ames, P.; Parkinson, J.S. Constitutively signaling fragments of Tsr, Escherichia coli serine 
chemoreceptor. J. Bacteriol. 1994, 176, 6340-6348. 
184.  Barkai, N.; Leibler, S., Robustness in simple biochemical networks. Nature 1997, 387, 913-917. 
185.  Morton-Firth, C.J.; Shimizu, T.S.; Bray, D. A free-energy-based stochastic simulation of the Tar 
receptor complex. J. Mol. Biol. 1999, 286, 1059-1074. 
186. Bornhorst, J.A.; Falke, J.J. Quantitative analysis of aspartate receptor signaling complex reveals 
that the homogeneous two-state model is inadequate: Development of a heterogeneous two-state 
model. J. Mol. Biol. 2003, 326, 1597-1614. 
© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open-access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 
 